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R887inconsiderately resist mating with
D. simulans males, data from the
D. simulans females revealed that
they can alter the proportion of
con- and heterospecific sperm
ultimately stored through at least two
mechanisms. First, females can
prevent movement into long-term
storage through early ejection of
heterospecific sperm. Second, by
controlling which sperm-storage
organs provide sperm for egg
fertilization, they can bias the ultimate
proportion against the heterospecific
D. mauritiana male. The authors have
begun a significant synthesis across
phenotypes previously studied
separately, and in a system that is a
model for the more general
phenomenon of signaller–receiver
coevolution.
Besides sperm, the ejaculate of
these tiny insects has proven
extraordinarily complex as well. Not
merely a matrix to transmit, protect
and nourish the sperm, fruit fly semen
contains an estimated 150 bioactive
peptides and proteins [7]. Some of
these increase storage efficiency of
sperm, decrease female sexual
appetite and attractiveness of the
mated female, and have a myriad
other effects that generally benefit the
male [7–9]. Similar but virtually
undocumented complexity is expected
in female receptors and post-mating
‘ejaculate handling’. Manier et al. [2]
show us how intricate coevolution via
cooperation or conflict between the
sexes in this signaler–receiver
system may have widened the gap
between these superficially similar
species. Their study shows that
males respond to the mating status of
the female, releasing more sperm if a
female is already mated than if she is
virginal. This ‘ejaculate catering’ is
presumed to be an adaptive response
to sperm competition. But D. simulans
males did not upregulate sperm
numbers when D. simulans females
had first been mated by D. mauritiana
males, suggesting that signals of
mating status (perhaps mediated by
pheromones on the cuticle) are not
being transduced after a hybridmating.
Similarly, the normal sperm ejection
behaviour of D. mauritiana females
was markedly disrupted after mating
D. simulans males. These examples
point to disruption of rapidly
coevolving relationships between
signals and their receivers when mates
are foreign, and suggest several richareas for further investigation of
speciation phenotypes.
To fully understand the novelty of
Manier et al.’s work [2], one needs to
consider how short the history of
study of postcopulatory sexual
selection has been. Surprisingly,
sperm competition was not recognized
as a potential forum for selection
until over a century after Darwin, and
would require the intellectual fertilizing
effects of cowpats to hatch in the mind
of Geoff Parker. Parker had spent many
hours observing the brutal mating
habits of the dung fly, Scathophaga
stercoraria, where the serial
displacement of one mounted male by
another made it impossible not to
ponder upon the partitioning of
paternity. Parker’s pioneering work on
sperm competition [10] opened the era
of exploration for postcopulatory
sexual selection. Early models were
simple numbers games played out
within the neutral arena of the female
reproductive tract. Complex
interactions between male genotypes
and between male and female
genotype have been known for
about a decade [11], and the
reproductive phenotypes of both sexes
are now in the process of being
characterized. By adding transgenic
approaches to the study of sperm
competition, and now an expanded
speciation phenotype in the present
work of Manier et al., a new phase of
discovery and integration has begun
for the dynamics of postcopulatory
sexual selection. Casting a fluorescent
glow upon processes that were
previously hidden in a black box hasadded deeper understanding to the
processes by which new species form.References
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Hair Cell Transduction Channel
Revealed?A family of transmembrane proteins has been shown to modulate both
the calcium permeability and single-channel conductance of the vertebrate
hair-cell mechanosensor, implicating them directly in inner ear
mechanosensation.Clive P. Morgan
and Peter G. Barr-Gillespie*
Using its vestibular and auditory
systems, the ear is responsible for oursensations of movement and sound.
The ear transduces extremely small
mechanical stimuli with hair cells,
which are distinguished by fine hair-like
projections (stereocilia) on their
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Figure 1. TMC1 structure.
(A) Domain stucture of TMC1. Transmembrane domains are indicated by blue boxes, with
additional hydrophobic domains colored in gray. The Bth mutation (M412K) is located in a
hydrophobic region between transmembrane domains 3 and 4 (S3 and S4). The dn mutation
is an in-frame deletion of exon 14, immediately after S4. (B) Possible membrane structures:
left, Bth mutation is in an extracellular loop; right, Bth mutation is in a re-entrant pore loop.
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stereocilia cluster into a cell’s hair
bundle (reviewed in [1]). Hair cells
are activated by deflections of the
bundle, which modulate the cells’
membrane potential. Although
many of the molecules directly
involved in conversion of mechanical
stimuli into an electrical
signal — mechanoelectrical
transduction — have been identified
for hair cells, those molecules that
constitute the mechanically gated ion
conductance, i.e. the transduction
channel, have yet to be determined. In
a major advance, Pan et al. [2] have
recently reported that the transduction
channel may be constituted from
members of the transmembrane
channel-like (TMC) family.
In humans, many of the most severe
inherited deafness mutations cause
Usher syndrome type 1, which is
characterized by severe balance and
hearing deficits and progressive loss of
vision. Genes mutated in Usher 1 have
largely been identified and include
those that encode adhesion proteins
(Cdh23 and Pcdh15) that make up the
tip links that gate the transductionchannels, a motor molecule (Myo7a),
and scaffolding proteins (Ush1c and
Ush1g). Each of these proteins has
been implicated directly in
mechanotransduction, which occurs
at the tips of stereocilia. No Usher 1
mutations have been reported to affect
a known channel gene, however,
which has complicated the search
for candidate molecules.
Electrophysiological experiments
that described the permeation and
pharmacological properties of the
transduction channel have suggested
several possible candidates, but none
to date has been shown to fulfill the
necessary requisites of the hair-cell
transduction channel.
The TMC family consists of eight
members; with at least six
membrane-spanning domains [3], the
TMCs are good candidates for
channels. Indeed, a recent publication
suggested thatCaenorhabditis elegans
TMC-1 possesses non-specific cation
permeability [4]. In humans, mutations
in TMC1 cause both dominant and
recessive deafness. Spontaneously
occurring Tmc1 mouse models also
exist, including the semi-dominantBeethoven (Bth) mutant and the
recessive deafness (dn)
mutant (Figure 1).
While TMC1 is not required for
mechanotransduction [5], Griffith, Holt
and colleagues have previously shown
that Tmc2 can compensate for the lack
of Tmc1 [6]. They also found that no
transduction current was detectable in
mice lacking both Tmc1 and Tmc2,
even though hair bundles are relatively
normal and still possess tip links in
these mice. In their recent paper [2],
this group measured transduction
currents of inner hair cells and
vestibular hair cells from mice having a
single copy of Tmc1, or Tmc2, or the
Bth mutant of Tmc1. The Holt and
Griffith laboratories showed previously
that Tmc1 is expressed later than Tmc2
[6], and here they showed that
mechanotransduction likewise
appeared later in mice only expressing
Tmc1 [2]. As reported previously, the
Ca2+ permeability of TMC1 and TMC2
differed [7]; remarkably, transduction
currents from hair cells only expressing
the Bth mutant also had Ca2+/Cs+
selectivity that was substantially
altered from cells expressing Tmc1,
suggesting that the Bthmutation alters
the conductance properties of the
transduction channel.
To further characterize differences in
transduction controlled by the TMC
family members, the authors
developed an elegant method to
monitor single-channel conductances
of transduction channels in hair cells
expressing Tmc1 alone, Tmc2 alone, or
Bth alone. Taking advantage of the
morphology of inner hair cells — in
these cells, stereocilia in the tallest row
of stereocilia are thick and tall, and are
poorly coupled laterally — they used a
stimulator to push a single stereocilium
(Figure 2). Whilst it cannot be excluded
that more than one channel unit is
activated using this methodology, they
only analyzed examples where only a
single channel was present. Moreover,
the single-channel conductances
reported here are appropriately large
and cover the range previously
reported, strengthening the contention
that these are the transduction channel
conductance. Their results showed
that the single-channel conductance
of the transduction channel in hair cells
expressing the Tmc1 mutant Bth is
significantly reduced compared with
those expressing wild-type Tmc1,
confirming that Bth changes the
channel’s conductance path. By
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Figure 2. Single-channel measurements in inner hair cells.
(A) Hair bundle at rest; channels are closed (inset, recording trace). Stimulator (brown)
contacts a single tall stereocilium. (B) Stimulation of a hair bundle, leading to open channels
(yellow) in middle and short stereocilia of the stimulated stereocilium’s column. Tip links are
indicated in blue (corresponding to protocadherin 15, PCDH15) and green (corresponding to
cadherin 23, CDH23). Remaining unstimulated stereocilia are indicated by the light gray
background.
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of mice expressing only Bth have
significantly altered single-channel
conductance and calcium
permeability, the authors argue
strongly for the direct involvement
of TMC1 and TMC2 in the ion
conductance pathway — indeed,
that they compose the
mechanotransduction channel itself.
Caution has to be applied, however,
before the data are accepted to
show that the TMCs make up the
transduction channel. Pan et al. [2]
showed that, in wild-type hair cells,
there is a large spread in single-channel
conductances, clustered into four
discrete groups, which suggests the
presence of at least four channel
subunit compositions. The single-
channel conductances measured for
mice expressing only Tmc1 or Tmc2
could not easily account for the spread
seen in conductance values,
suggesting that the channel is not
simply made of a combination of TMC1
and TMC2 subunits.
Moreover, the TMCs have yet to be
convincingly localized, nor have they
been shown by heterologous
expression to constitute channels.
Furthermore, double knockouts
have a mysterious residual
conductance. At the June 2013
Molecular Biology of Hearing and
Deafness conference, Robert
Fettiplace reported that mice with the
Tmc1 dn mutation and also lacking the
Tmc2 gene had currents activated by
mechanical stimuli of the opposite
polarity (personal communication).
These currents were inhibited by
transduction channel blockers,
suggesting that functional
transduction channels may still be
present even when TMC1 and TMC2
are absent. This reverse-polarity
conductance resembled that seen in
mutant mice with null mutations in
genes encoding critical stereocilia
linkages like the tip link [8,9]; indeed,
the conductance reported by
Fettiplace was present even after
tip links were severed.
Together, these data demonstrate
the difficulty in distinguishing between
molecules that constitute the pore and
those that simply regulate channel
activity. Accessory proteins in other
systems modify channel conductance
properties [10]; perhaps the TMCs
regulate the actual bona fide channel,
an interaction that could be affected by
theBthmutation. Othermembers of theTMC family regulate zinc transporters
[11], so an alternative explanation is
that TMCs affect transduction by
modulating entry of zinc or another
substrate.
How do we go about proving a
candidate is the transduction channel
itself? Pan et al. [2] refer to a framework
discussed in two reviews [12,13]. At
least four criteria must be satisfied.
First, localization must be appropriate
for sensory function; second, the
channel must be required for the
mechanical response and not just
the development of the system; third,
the channel must act in isolation as a
mechanically activated channel; and
finally, alteration of the ionic properties
of the channel must alter ionic
properties of the mechanical response.
Although Pan et al. [2] claim to satisfy
this last criterion, this conclusion may
be premature. In our minds, to satisfy
this criterion correctly one must
localize an engineered or natural
mutation to the pore, demonstrate
altered ion permeability in a
heterologous expression system, and
finally reintroduce the mutation intomice and show a change in
transduction-channel permeation akin
to that seen in vitro. The Bth mutation
conceivably could be located in a pore
loop (Figure 1), yet it has not been
established that this is the case. While
the effect of the Bth mutation is
remarkable, results with these mice
cannot be used to prove the TMCs are
the transduction channel without
certainty that TMC1 conducts ions
and the mutation alters the structure
of the pore.
Mechanosensitive channels are
likely found in large macromolecular
complexes in eukaryotes, making
heterologous expression challenging.
Some studies have reported
expression of complexes of multiple
hair-bundle proteins, for instance in
the CL4 cell line [14], which may
potentially facilitate the analysis of
pore mutants. Ultimately, recordings
still need to be performed at the
single-channel level on isolated
patches, preferably in reconstituted
liposomes, which would be a
significant challenge especially if
exogenous force is required. As an
Current Biology Vol 23 No 19
R890example, the Jan lab has recently
shown that mechanical stimulation
opens the ion channel NOMPC via
membrane stretching [15]. It is not
clear, however, whether the hair cell’s
transduction channel is activated via
membrane stretching or direct
mechanical coupling. Resolution of
how transduction channels are
activated in hair cells could guide
in vivo reconstitution experiments.
In summary, Pan et al. [2] provide
tantalizing evidence that TMC1 and
TMC2 are the mechanosensitive
channels of the inner ear and show
at the very least that these
transmembrane molecules are crucial
for functioning of the hair cell
transduction complex. If correct, this
would be the first clear example of a
eukaryotic mechanosensitive channel
shown to be directly activated by a
tensioning force. Significant work
remains to prove this point, however,
and the results of the Pan et al. [2]
study will provide a stimulus to the
field to address the uncertainties.
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